Crystallization 
Introduction
Lithium germanophosphate glasses have recently emerged as multipurpose materials and have drawn great attention because of their potential applications in various solid state devices [1, 2] . By crystallization of some glasses from the system Li 2 O-Al 2 O 3 -GeO 2 -P 2 O 5 , the LiGe 2 (PO 4 ) 3 phase which belongs to the solid solutions with general formula of Li 1+x M x Ge 2-x (PO 4 ) 3 (M=Al, V or Cr) is formed. This family of the crystalline phosphates is often referred to as NASICON-type materials [3, 4] . It is important to know the crystallization behavior of the parent lithium phosphate glass in order to define technological parameters for fabrication of these structured materials. The crystallization kinetics of glasses can be successfully studied using the DTA or DSC techniques and for evaluation of the kinetic parameters of crystallization several methods classified as isokinetic and isoconversional (model-free) are used. Isokinetic methods assume the transformation mechanism to be same throughout the temperature or time range and allow calculating single values of the kinetic parameters such as the activation energy [5] [6] [7] [8] [9] [10] [11] . On the other hand, isoconversional methods assume the transformation mechanism at a constant degree of conversion as a function of temperature and provide kinetic parameters varying with the degree of conversion, α. The determination of the dependence of E a on α can give useful information about complexity of transformation mechanism and kinetics scheme of the process as well [12] [13] [14] [15] [16] [17] [18] .
In this work the results of non-isothermal crystallization of 22.5Li 2 O•10Al 2 O 3 •30 GeO 2 •37.5 P 2 O 5 (mol%) glass performed by DTA were reported and discussed.
The kinetic parameters of crystallization were calculated using different methods and the dependence of the activation energy of crystallization (E a ) on the volume fraction crystallized (α) was studied using isoconversional linear integral KAS (Kissinger-AkahiraSunose) [12] and FWO (Flynn-Wall-Ozawa) methods [14, 16] .
Experimental 2.1. Glass preparation
The parent glass was prepared by melting a homogeneous mixture of reagent-grade Li 2 CO 3 , Al 2 O 3 , GeO 2 and (NH) 2 HPO 4 in a covered platinum crucible. The melting was performed in an electric furnace BLF 17/3 at T=1400 °C for t=0.5 h. The melts were cast on a steel plate and cooled in air. The obtained glass samples were transparent, without visible residual gas bubbles. XRD analysis confirmed an amorphous structure of the sample. The chemical composition was determined using spectrophotometer AAS PERKIN ELMER Analyst 300.
DTA experiments
The experiments under non-isothermal conditions were performed using a DTANetzsch STA 409 EP device and Al 2 O 3 powder as the reference material. The powder glass samples were prepared by grinding the bulk sample in an agate mortar and then sieving it on standard sieves up to the grain size of 0.50-0.65 mm. In the experiments, constant weights (100 mg) of the powdered glass samples were heated at different rates (β) of 5, 10, 15 and 20 °C/min from 20 °C to 1150 °C.
Results and Discussion

Thermal analysis (DTA)
In Fig. 1 DTA curves of the powdered glass sample recorded at heating rates β of 5, 10, 15 and 20 °C/min from 20 °C to 1150 °C are shown. The glass transition temperature T g is determined as an inflexion point on curves (510, 517, 522, 527 °C). T x is onset crystallization temperature (620, 630, 640, 645 °C). Two exothermal crystallization peaks T p1 (648, 658, 665, 671°C) and T p2 and endothermal one, T m (1053, 1074, 1085, 1092 °C) representing the melting of sample were revealed. It is evident that the peak temperatures increase with increasing β. As revealed previously the peak T p1 belongs to the precipitation of LiGe 2 (PO 4 ) 3 crystalline phase. The contribution of ~ 98 vol% of this phase in the crystallized glass was determined [19] . The existence of correlation between glass forming ability (GFA) and glass stability (GS) under heating was established. Among several parameters for glass stability (GS) assessment, the Hruby parameter (K H ), is most frequently used [20, 21] :
This parameter correlates well with GFA for oxide glasses and thus can be commonly employed as a reliable and precise glass-forming criterion. According to Hruby criterion, the higher the value of K H for a certain glass, the higher its stability against crystallization is. Based on DTA (Fig. 1) , an average value of K H = 0.26 was calculated. This indicates low glass stability against crystallization and consequently its low glass forming ability (GFA). The value of reduced glass transition temperature T rg = T g /T m < 0.58 suggests that this glass has volume (homogenous) nucleation [22] .
Non-isothermal crystallization kinetics
To study the kinetics of glass crystallization under non-isothermal condition the isokinetic and isoconversional methods were employed. The isoconversional methods assume that kinetic parameters vary with the degree of conversion α, unlike isokinetic models which allows us to calculate a single value of the kinetic parameters. Most of the isokinetics models are based on Kolmogorov-Johnson-MehlAvrami (KJMA) relation where the degree of transformation α is given by [16, 23] :
where n is dimensionless Avrami constant related to nucleation and growth mechanism and K is reaction rate constant usually assigned an Arrhenian temperature dependence:
where E is the effective activation energy of the overall crystallization process,
) is the pre-exponential (frequency) factor and R is the universal gas constant.
Following the method for analysis of non-isothermal crystallization data suggested by Matusita and Sakka, the kinetic parameters of crystallization can be determined using modified Kissinger equation [6, 24] :
where n -is the Avrami parameter which indicates the crystallization mode and m is a numerical factor which depends on the dimensionality of crystal growth, β-heating rate, T pcrystallization peak temperature. The value of activation energy E a -is obtained from the ratio ln(β n /T p 2 ) vs. 1/T p using the corresponding values for n and m. To determine the parameter n, the Ozawa equation is used [9] .
In Fig. 2 , the plot of log [−ln(1 − α)] versus log (β) is shown, where α is the degree of glass -crystal transformation at four fixed different temperatures. The fraction of crystals (α), was obtained from the ratio α = A/A o where A represents the peak area at the chosen temperature, while A o is the total area of the corresponding DTA peak. The values of Avrami parameter n have been determined from the slopes of straight lines (Fig. 2) . It is clear from the figure that n is temperature independent T and hence an average value of n can be calculated. The average value of n = (3.93 ± 0.48) is close to 4. From Fig. 2 it can be seen that the plots are hardly found to be linear (esp. 648 and 671°C). In case of the present crystallization data the KJMA model can be questionable -note the positive asymmetry of the peaks ( Fig.1 and Fig. 4) , so the methodology for determination of n can be put up for discussion. There are a plenty of papers dealing with the capability to study the crystallization kinetics with the Matusita-Saka and Ozawa method [9] . Most of the times different mechanisms have been taking place during crystallization thus at the same temperature value different degrees of crystallization are connected with different mechanisms. So, it is not possible to take accepTab. linear plots. The relation proposed by Augis and Bennett [10] can be also used for determination of E a :
where T x is crystallization temperature onset. The plot Fig.   3 . From the slope of the line E aAB = (471.02±28.80) kJ mol -1 was calculated. A method suggested by Gao and Wang [25] uses the following expressions derived from the Kolmogorov-Johnson-Mehl-Avrami (KJMA) equation [22] to determine E a :
where (dα/dt) p is the rate of volume fraction crystallized at the peak of crystallization temperature T p , which is proportional to exothermic peak height. In Fig. 4 , the dependence of (dα/dt) on temperature at different heating rates is shown. It is clear from the Fig.4 that the peak height increases and shifts towards higher temperatures with the increase in heating rate. This is due to the fact that the rate of crystallization increases and crystallization shifts towards higher temperatures as well as heating rate β increase from 5 °C/min to 20 °C/min, i.e. more volume fraction is crystallized in a smaller time compared to the low heating rate fraction. Unlike to isokinetic methods where the kinetic parameters of the process are assumed to be constant with respect to time and temperature, the isoconversional methods assume the transformation mechanism at constant degree of conversion as a function of temperature and provide the kinetic parameters that are varying with the degree of conversion, α. The dependence E a on the degree of glass-crystal transformation α, should reflect to the change of nucleation and growth behavior during the crystallization process of glass. The isoconversional methods are based on the basic kinetic equation [16] :
Tab. I Activation energies of glass crystallization (E
where k(T) is the rate constant as given by Eq. (3) and f(α) is the reaction model. By integrating Eq. (3), the integral form of the reaction model can be obtained as follows:
Various approximations in the different isoconversional model proposed for determination of the kinetic parameters of glass crystallization were applied in order to simplify the temperature integral in Eq. (10) .
To determine the activation energy of crystallization of this glass as a function of the fraction of crystallization, E a (α), the Kissinger-Akahira-Sunose (KAS) and the Flynn-WallOzawa (FWO) integral isoconversional methods for non-isothermal kinetic analysis were employed. For α = const., the apparent activation energy E a (α) is determined by FWO (Eq. 11) and KAS (Eq. 12) relations [12, 14] :
where β is the heating rate, A a is the apparent pre-exponent factor, E a is the apparent activation energy, R is the gas constant, g(α) is the integral form of the reaction model and T is the temperature. The methods assume the conversion function g(α) to be constant for all values of conversion α at different heating rates β.
For α = const., the plots of ln β vs. 1/T a (FWO) and ln (β/T 2 α ) vs. 1/T a (KAS), obtained from DTA curves recorded at several heating rates, should be straight lines. The apparent activation energies E a (α) can be determined from the slopes of the lines. In Fig. 7 , the volume fraction crystallized (α) as a function of temperature T at different heating rates β is shown. A systematic shift in α to higher temperature with an increase in heating rate β can be observed from this figure. Based on this curves obtained for the crystallized fraction in the range 0.1≤ α ≤ 1, E a were calculated using Eq. 11 and 12. The dependence of E a on the crystallized fraction α is shown in Fig. 8 . As may be seen in Fig.  8 , the values of activation energies E a strongly depend on α showing similar variation for both methods employed, the E a decreased in all range of α. The average values of E a = (347.62 ± 16.88) kJ mol -1 for FWO and E a = (332.59 ±1 6.58) kJ mol -1 for KAS methods are in good agreement, but these values are significantly different from the ones determined by isokinetic methods (Tab. I). According to ICTAC recommendations there is no need to use different methods for the calculation of activation energy [26] . From the presented methods only one isoconversional method must be valid. The activation energies of glass crystallization (E a ) determined by KAS and WFO methods are listed in Tab. II. As reported earlier by Vyazovkin [27] , the existence of the variation of activation energy (E a ) with the degree of crystallization (α), and hence with temperature, can give the information about complexity of the transformation mechanism and kinetics scheme of the process as well. The crystallization process is generally determined by nucleation and growth, which are very likely to have different activation energies. Three main nucleation mechanisms described as site saturation, continuous nucleation and mixed one can operate during crystallization. Growth kinetics can be controlled by interface reaction (crystal-melt interface) or diffusion. As these processes are in series, the total transformation kinetics will be primarily determined by slower process [28, 29] . Also, it is possible that different growth mechanisms are operating at different degree of crystallization leading to temperaturedependent activation energy [30] [31] [32] [33] . Consequently, for this glass a strong variation of E a on the degree of transformation (α), (Fig. 8) indicates that the glass/crystall transformation cannot be described as a simple single-step process. The existence of different kinetic mechanisms during crystallization of the studied sample is supported from the dependence of E a , presented in Fig. 8 .
Tab. II
It has been considered that during heating of this glass a complex crystallization process occurs where different mechanisms of nucleation and crystal growth are involved. Because these two mechanisms are likely to have different activation energies, the effective activation energy of the transformation will vary with α if nucleation and crystal growth aren't independent. This interpretation is based on the nucleation theory proposed by Turnbull and Fisher [34] [35] [36] . Large-scale lithium germanophosphate glass-ceramic with homogeneous ion conducting properties is difficult to fabricate, which limits its use in rechargeable lithium-ion batteries. Accordingly, volume crystallization is a significant finding, as it enables controlling the glassceramic microstructure. Recently, the volume crystallization mechanism and spherical growth morphology of LiGe 2 (PO 4 ) 3 crystals has been determined also for a stoichiometric glass with the composition Li 1.5 Al 0.5 Ge 1.5 (PO4) 3 [37, 38] . Taking in consideration the variation of E a , it can be concluded that at early stage of crystallization the growth of nuclei is controlled by interface reaction. For further steps of crystallization the effect of volume controlled growth of crystals can be considered.
Conclusion
The crystallization process of 22.5Li 2 O•10Al 2 O 3 •30GeO 2 •37.5P 2 O 5 mol% glass was investigated under non-isothermal condition using DTA technique. Different isokinetic models were employed for determination of the kinetic parameters of glass crystallization, E a. By using isoconversional KAS (Kissinger-Akahira-Sunose) and FWO (Flynn-Wall-Ozawa) methods a strong dependence of E a on the degree of crystallization α and hence on temperature was detected. According to the experimental data obtained a complex transformation process governed by nucleation and diffusion mechanisms is suggested. The present study shows that for the complete description of glass crystallization kinetics a combined isokinetic and isoconversional non-isothermal analysis supported with microstructural data of the crystallized glass is necessary.
References
